A strongly nonlinear wake wave driven by an intense laser pulse can act as a partially reflecting relativistic mirror (the flying mirror) [S. V. Bulanov, et al., Bulletin of the Lebedev Physics Institute, No. 6, 9 (1991); S. V. Bulanov, et al., Phys. Rev. Lett. 91, 085001 (2003)]. Upon reflection from such mirror, a counter-propagating optical-frequency laser pulse is directly converted into high-frequency radiation, with a frequency multiplication factor ~ 4γ 2 (the double Doppler effect). We present the results of recent experiment in which the photon number in the reflected radiation was at least several thousand times larger than in our proof-of-principle experiment [M. Kando, et al., Phys. Rev. Lett. 99, 135001 (2007); A. S. Pirozhkov, et al., Phys. Plasmas 14, 123106 (2007)]. The flying mirror holds promise of generating intense coherent ultrashort XUV and x-ray pulses that inherit their temporal shape and polarization from the original optical-frequency (laser) pulses. Furthermore, the reflected radiation bears important information about the reflecting wake wave itself, which can be used for its diagnostics.
INTRODUCTION
Recent advances in the high-power laser technology allow generation of extremely large intensities and open the field of relativistic optics [1] . Among the numerous applications, generation of high-frequency (XUV, x-ray, gamma) radiation is one of the most actively pursued. Availability of ultrashort (attosecond and shorter), coherent pulses in the XUV and x-ray spectral regions is the prerequisite for many important applications, such as attosecond spectroscopy, biological imaging, material science, and so on [2] . Up to now, several schemes are proposed and implemented which can provide such pulses, including schemes based on relativistic and not-relativistic optics: the atomic high-order harmonics [2] , harmonics from solid targets [3] , plasma-based x-ray lasers [4] , free-electron lasers [5] , and relativistic mirrors [1, [6] [7] [8] [9] [10] [11] [12] [13] [14] . Relativistic flying mirror [6] is a strongly nonlinear wake wave [15] in the underdense plasma which moves with the phase velocity v ph = β ph c equals the group velocity of the driving laser pulse (the driver pulse). This velocity is close to the speed of light in vacuum c. Near the wave breaking, the electron density modulations have the shape of sharp spikes, which can partially reflect a counter-propagating source pulse. According to the special theory of relativity [16] , the frequency ω x and wavelength λ x of the reflected radiation are 
(the double Doppler effect). Here ω s and λ s are the frequency and wavelength of the source pulse, θ is the incidence and α is the observation angle in the laboratory frame; these angles are connected by the relativistic reflection law, which in general differs from the non-relativistic limit. For θ = α = 0 (normal incidence) and β ph → c, the frequency-upshifting factor is ≈4γ ph 2 , where γ ph = (1 -β ph 2 ) -1/2 . The frequency upshifting is accompanied by the pulse shortening by the same factor.
In addition to the reflection, frequency upshifting, and pulse shortening, the flying mirror also focuses the radiation due to the parabolic shape of the reflecting surface [17, 18] . This can be used for extreme intensification of the radiation, up to the Schwinger limit [7] .
The laser light reflection by flying mirror was demonstrated in the experiment [10, 11] using the counter-crossing geometry (θ = 45°) and forward observation (α = 0). In this paper, we describe the experimental results [19] obtained in the head-on collision geometry (θ = 0); the observation was done in the broad range of α from 9 to 17°. Compared to the previous experiment, significant enhancement of the flying mirror reflectivity and the corresponding reflected photon number has been achieved: the number of reflected photons was increased many thousand times, although the total laser energy was increased three times only. Further, reflected radiation properties suggest that the flying mirror had high-quality and nearly uniform surface, which is the important prerequisite for the applications of the flying mirror as a coherent XUV and x-ay source.
EXPERIMENTAL SETUP
A schematic layout of the experimental setup is shown in Figure 1 . We used J-KAREN [20] hybrid OPCPA/Ti:Sapphire laser consisting of an oscillator, OPCPA preamplifier, and two 4-pass Ti:Sapphire amplifiers. The final amplifier was cryogenically cooled to avoid thermal effects. The laser pulse was split by pellicles into the driver, source, and probe pulses. The driver pulse had the energy of 400 mJ, duration 27 fs (Full Width at Half Maximum, FWHM) measured with the home-build Transient Grating FROG [21] 25 . In the present scheme, a substantial part of the laser energy was returning to the amplifier chain. To avoid the laser damage or instability, Faraday isolators, Pockels cells, and spatial filters were employed; the returning pulse was monitored at several positions [22] . . The density modulations in the breaking wake wave have a shape of sharp spikes which move with the phase velocity approaching the velocity of light. The counterpropagating source pulse is partially reflected from these spikes (flying mirrors), with the reflected frequency upshifted by a large factor due to the double Doppler effect. The curvature of the flying mirror leads to the focusing of reflected radiation. At a distance from the interaction point, the diverging reflected radiation is detected by a normal-incidence XUV spectrograph comprising a broadband aperiodic multilayer mirror (12.5 -25 nm), large area transmission grating (4 mm × 10 mm, 5000 l/mm), free-standing multilayer optical blocking filters (Al/Zr), and back-illuminated CCD. In the real setup, the dispersion plane of the diffraction grating is vertical (perpendicular to the figure's plane). The spectrograph covers the observation angle from α = 9° to 17°. The lead block is used to avoid direct illumination of CCD by plasma and bremsstrahlung x-rays. The probe beam is used for spatial alignment and timing.
The precise spatial alignment and timing were performed using several alignment techniques, including the shadowgraphy using the probe beam, top view plasma imaging, imaging the far field patterns of the driver and source pulses returned back into the laser system due to exact head-on collision [23] , and observing highresolution (~6 μm) zero-order images of the plasma with the same spectrograph which was used for detection of reflected signal in the XUV spectral region.
Because of the curvature of the flying mirror, the reflected radiation is focused. At a distance from the interaction point it diverges. The angle at which the reflected radiation propagates depends on the direction of local normal to the mirror surface. In the relativistic limit γ ph → ∞, the angle of reflection is not equal to the angle of incidence. If the mirror's normal is inclined at some angle δ x in the horizontal plane and then at some angle δ y in the vertical plane, the reflected radiation wave vector (in the laboratory frame) is inclined by the corresponding angles, δ xr and δ yr , and the derivatives are (
According to (2) , in the case of large gamma-factors and small inclinations of the mirror surface, the reflected radiation propagates nearly along the direction of the local mirror's normal. The diverging reflected radiation was detected by a normal-incidence XUV spectrograph comprising a broadband aperiodic [24, 25] multilayer mirror (Mo/Si, uniform reflectivity ~0.13 in the 12.5 -25 nm range [26, 27] ), large area transmission grating (4 mm × 10 mm, 5000 l/mm), free-standing multilayer optical blocking filters (Al/Zr) [28, 29] , and back-illuminated CCD. The spectrograph covered the observation angles from α = 9° to 17°. The calculated (idealized) throughput of the spectrograph, which is the product of the mirror reflectivity, grating efficiency, two filter transmission, and CCD quantum efficiency, is shown in Figure 2 (a). The lead block was used to avoid direct illumination of CCD by plasma and bremsstrahlung xrays. The acceptance angle of the spectrograph was Ω = 5.7 msr.
The wavelength of the reflected radiation depends on the observation angle according to the Equation (1). For the broad range of α = 9°…17°, the spectrum should also be broad. The observable parameter region (α, λ x ) for several values of the gamma-factor is shown in Figure 2 (b). The parameter region is limited by the multilayer mirror's aperture and reflectivity (12.4 nm) as well as filter transmission (~22 nm). The advantage of the observation at nonzero angle is the capability to detect the reflected signal in a broad range of gamma-factor values from γ ph = 3.5 to (formally) infinity. mirror reflectivity, transmission grating efficiency, two multilayer filter transmission, and CCD quantum efficiency). Within the region 12.5 -20 nm, the measured filter transmission is used (provided by the manufacturer); outside this region, the filter transmission is calculated using the atomic scattering factors [30] . (b) The parameter region (observation angle α, wavelength λ x ) observable with the XUV spectrograph. The observation angle is limited by the mirror aperture; the wavelength region is limited by the mirror reflectivity (L absorption edge of Si at 12.4 nm) and long-wavelength filter transmission roll-off. The lines represent the dependences of the wavelength vs. the observation angle (1) for λ s = 820 nm, θ =0, and several gamma-factor values.
EXPERIMENTAL RESULTS
The driver pulse focused to the gas jet experienced strong relativistic self-focusing [31, 32] , because its power significantly exceeded the self-focusing critical power P cr = 17 GW(n cr /n e ), where n cr = mω d 2 /4πe 2 is the critical density. Simultaneously, the driver pulse generated strongly nonlinear wake wave, which eventually broke. This led to the self-injection of electrons, which were further accelerated [33] to ~50-100 MeV. These electrons were analyzed by a magnetic spectrometer and served as a proof of the wave breaking.
When the driver and source pulses were aligned with sufficient accuracy, we observed strong reflected spectra; the typical reflected spectrum is shown in Figure 3 . The portion of CCD raw data is shown in Figure 3 (a) . Near the center there is a zero order (portion of radiation transmitted through the diffraction grating without diffraction). On the left and right of the zero order, the spectral orders m = ±1 and ±2 are visible. The dots below and above the zero order and the weaker spectra above and below the spectra m = ±1 are due to the diffraction on the periodic support structure of the transmission grating. The lineouts of spectra for m > 0 and m < 0 are shown in Figure 3 (b) by the thin lines; the error bars include the noise caused by hard x-rays; the CCD readout and dark noise were negligible. It is notable that positive and negative spectral orders were nearly identical, which means that the observed radiation is those resolved by the diffraction grating. Also shown are the calculated spectrometer throughputs for |m| = 1 and |m| = 2 by the solid and dashed thick lines, respectively. The spectra of reflected radiation derived from the lineouts using the calculated throughput are shown in Figure 3 dS/dλ, J/sr/nm λ, nm Figure 3 . Spectrum of reflected radiation at the optimum conditions observed by the normalincidence XUV spectrograph. The stagnation pressure is P 0 = 2.1 MPa, the collision point is x 0 = 520 μm (520 μm before the gas jet center for the driver pulse). (a) Portion of CCD raw data. The zero order is situated near the center, on the left and right of it, the spectral orders m = ±1 and ±2 are visible. The bright dots below and above the zero order and the weaker spectra above and below the spectra m = ±1 are due to the diffraction on the periodic support structure of the transmission grating. Comparing the spectra shown in Figure 3 (c) with the observable parameter region shown in Figure 2 (b), we conclude that the range of flying mirror's gamma-factor values compatible with the observation is 5…7 (γ ph = 6±1). The wake wave (mirror) gamma-factor can also be roughly estimated from the energy of accelerated electrons:
In the shot shown in Figure 3 , the maximum electron energy was larger than 70 MeV, which gives γ ph > 4.6, consistent with the above estimation. Another estimation of the gamma-factor can be obtained from the electron density near the collision point x 0 = 520 μm (this corresponds to the distance 520 μm before the gas jet center for the driver pulse): γ ph ~ (n cr /n e ) 1/2 = 10. The latter equation is known to give overestimated gamma-factor value, because the group velocity of the driver pulse depends on its polarization, transverse size, duration, and evolution [34] .
The conservative estimate of the reflected photon number and energy can be obtained from the spectra shown by solid lines in Figure 3 (c) . Within the spectral range of 12.8 -22.0 nm, the number of reflected photons was (1.85±0.05)×10
11 /sr and the energy was 2.16±0.06 μJ/sr. Within the acceptance angle of 5.7 msr, the number of photons and energy were N R = (1.05±0.03)×10 9 and E R = 12.3±0.3 nJ. The above numbers are obtained neglecting the absorption in the neutral He gas surrounding the interaction region. However, in the observation angle of 9-17° the reflected radiation soon left the ionized region, after which it propagated in the absorbing neutral gas. The spectra obtained taking into account this absorption are shown by the dashed lines in Figure 3 In order to obtain the flying mirror's reflectivity, we need to take into account the overlapping of the source spot with the flying mirror and the finite acceptance angle. We note here that the source pulse power (1 TW) was not large enough to cause strong self-focusing. We assume that the majority of the photons were reflected from single flying mirror, which follows from the PIC simulations. The number of photons which interact with the part of the flying mirror with the area S FM is N s = N s0 S FM /S s = 3.7×10 14 , where N s0 = 1.6×10 17 is the number of photons in the source pulse, S s = 830 μm 2 is the effective source spot area, S FM = r FM 2 Ω = 1.9 μm 2 is the partial area of the flying mirror reflecting into the acceptance angle Ω = 5.7 mrad, r FM ~ λ p = 18 μm is the flying mirror radius of curvature, λ p = 4(2γ ph ) 1/2 c/ω pe is the wake wave wavelength. Here we use the fact that for small tilting angles of the relativistic mirror the reflected radiation propagates almost along the mirror's normal (2) [11] , so the detector with the acceptance angle Ω observes the part of the mirror with the solid angle ≈ Ω. Thus, the flying mirror reflectivity in terms of photon number is R N = N R /N S = 3 × 10 -6 , or R N * = N R * /N S = 2 × 10 -5 taking into account the absorption in He. Each reflected photon has much larger energy (this energy comes from the flying mirror). The reflectivity in terms of energy was R E = E R /E S = 1.3 × 10 -4 , or R E * = E R * /E S = 0.6 × 10 -3 taking into account absorption. Here E S = 90 μJ is the part of source pulse energy corresponding to N S photons, which interacted with the observable flying mirror area.
The theoretical expectation of the flying mirror's reflectivity can be obtained using a one-dimensional solution [15] for the electron density in the breaking wake wave, which has the cusp singularity [6, 13] : ( ) 
For the parameters of the experiment, this gives R cusp = 4 × 10 -5 . The reflectivity in the experiment, especially the one obtained taking absorption into account (R N * = 2×10 -5 ), was very close to the theoretical expectation. In the above estimations the source energy loss during the propagation through the gas jet are neglected; taking this loss into account could further decrease the small gap between the experimental reflectivity and theoretical expectation.
The spatial cross-section of the reflected spectrum shown in Figure 2 (a) is shown in Figure 4 . The recorded spatial dimension was ≈ 16 μm, which is smaller than the vacuum spot sizes of both driver and source pulses. This dimension is, however, essentially resolution-limited. The reflected radiation was probably focused down to much smaller spot [7] .
The dependence of the reflected radiation properties on the driver pulse delay is shown in Figure 5 . Zero delay corresponds to the optimum reflection (largest signal). Figure 5 (a) shows the total counts in the m = +1 spectral order vs. the driver delay. The reflectivity at zero delay strongly exceeded the noise (25σ, here σ is the standard deviation of counts in the shots without the source pulse [squares in Figure 5 (a)]) . The reflectivity decreased to either side (positive and negative delays), and disappeared at delays ~ ± 2 ps. On the contrary, the reflection point remains stationary in the wave breaking region when the driver is earlier than optimum, τ d < 0 (horizontal thick red line), because the group velocity of the wake wave is zero and the best reflectivity point remains at the same position. The thin blue line shows the dependence of the electron density on the coordinate x for the stagnation pressure P 0 = 2.1 MPa used in the delay scan.
Interesting insight into the flying mirror dynamics can be obtained from the dependence of the spatial position of the reflection point on the driver delay [ Figure 5 (b)]. Because the XUV spectrograph observed the interaction region at the angle α = ~ 13±4°, the shift of the reflection point along the laser axis by Δx was observed as a spatial shift on the CCD by Δx·sinα perpendicular to the spectral plane (note that the spectral plane was perpendicular to the observation plane). The shift of the reflection
Driver Source point determined from the zero order position vs. the driver delay [ Figure 5 (b) , circles] exhibited different behavior for the positive (driver later than the optimum) and negative (driver earlier than the optimum) delays. If τ d > 0, the source was reflected at the position x ≈ x 0 + cτ d /2, where x 0 = 520 μm is the optimum reflection point (520 μm before the nozzle center for the driver pulse); this is the expected behavior of the colliding point position of the two pulses. The reflectivity decreased with the delay because the wake wave was not close to the breaking far away from x 0 . However, if τ d < 0, the reflection point position did not any longer depend on the delay. This is because the wake wave group velocity is zero, and once the optimum flying mirror reflectivity was achieved at some position, this optimum reflectivity remained in the same spatial region until the wake wave dissipated; dissipation of the wake wave led to the gradual reflectivity decrease in the region τ d < 0. Such dependence of the reflecting point position vs. the delay is characteristic for the flying mirror; thus, other possible reasons of the observed signal -for example, the reflection at the moving ionization front [35] -are ruled out.
DISCUSSION
The spectrum shown in Figure 3 (c) is nearly smooth; according to (1) , the radiation at each wavelength is reflected at some particular angle, which in turn is reflected at some particular position of the curved flying mirror. For the small angles, the reflected radiation propagates nearly along the local normal to the mirror surface (2) . Therefore, we conclude that the flying mirror reflectivity smoothly changed along the relatively large part of the surface. Good quality of the reflecting surface of the flying mirror is the prerequisite for the attosecond (and shorter) pulse generation and focusing, which are necessary to achieve the light intensification up to the Schwinger limit [7] .
Although we did not measure the reflected pulse duration, we can estimate it using the fact that the duration is shortened by the same factor as wavelength (~ 50). For the parameters of experiment, 50-times pulse shortening corresponds to the reflected pulse duration of ~ 0.7 fs. Using the conservative estimate of the spatial dimension of the signal (~ 16 μm), we obtain the peak brightness of the reflected radiation of ~10 22 photons/mm 2 /mrad 2 /s/0.1% bandwidth. It is notable that the reflected radiation inherits the coherence, polarization, temporal pulse shape, and other properties from the optical-frequency source pulse. The latter can be easily controlled. This opens the way to produce coherent XUV and x-ray pulses with the tailored characteristics, which is advantageous for many potential applications.
Up to now for the estimations we used only the photons within the acceptance angle of the spectrograph. If we assume that the flying mirror had a similar reflectivity within the entire region of α from -17° to +17° (Ω 0 = 0.3 sr), the reflected energy would be ~3 μJ and the power ~10 GW. If we further assume that the reflected pulse was focused down to the diffraction-limited (in the boosted frame moving with the flying mirror) 200 nm spot, the estimated intensity of the reflected pulse would exceed 10 19 W/cm 2 .
CONCLUSION
In conclusion, we demonstrated high reflectivity relativistic flying mirror (breaking wake wave) formed by the multi-TW driver pulse in the gas jet target. The femtosecond source pulse reflected from this mirror in the head-on geometry was frequency upshifted ~40-70 times in accordance with the double Doppler effect. The observation at the angle from 9 to 17° showed that the reflected radiation had the broad spectrum ranging from 12.4 to 22 nm, consistent with the expected dependence of the wavelength on the observation angle for the mirror's gamma-factor of γ ph = 6±1. The reflected radiation contained 10 11 -10 12 photons/sr (2-10 μJ/sr). The flying mirror reflectivity in terms of photon number was (0.3 -2)×10 -5 and in terms of energy was (1.3 -6)×10 -4 ; this reflectivity is very close to the theoretically expected. The flying mirror had a high quality reflecting surface, at least within the observable angular span of 5.7 msr. This is the prerequisite for the expected efficient attosecond pulse production and x-ray pulse intensification up to record intensities. The reflected radiation can also be used for the wake wave diagnostics, which is important for the laser-driven electron acceleration [33] , laser-based (table-top) free-electron lasers, and other applications.
